Abstract. Mutations of parkin gene are not restricted to familial forms of Parkinsonism but they also occur in a wide variety of malignancies including gliomas. Parkin overexpression reduces glioma cells proliferation and analysis of its expression is predictive for the survival outcome of patients with glioma. To date have been identified 21 parkin alternative splice variants. However, most of the studies have focused their attention exclusively on full-length protein. In the present study, the expression profile of parkin isoforms in different grades of astrocytomas was analyzed for the first time, in order to evaluate their involvement in this malignancy. Furthermore, to investigate their role in cellular processes, their expression in three glioblastoma cell lines was analyzed following treatment with the proteasome inhibitor MG132, or induction of mitophagy with CCCP, or after serum deprivation. Results suggested that H20, H1 and H5 isoforms are always expressed in tumors both in vivo and in vitro models. Therefore, these isoforms might be used as specific biomarkers to develop a prognostic tool for brain tumors.
Introduction
Parkin (PARK2) is one of the largest genes in human genome, located in the long arm of chromosome 6 (6q25.2-q27). The first isolated human parkin transcript was of 2,960 bases encoding a protein of 465 amino acids also known as full length parkin (GenBank: BAA25751.1) (1). To date, GenBank lists 26 human PARK2 transcripts corresponding to 21 different alternative splice variants. Each of these variants presents a different molecular architecture and domain composition. In a recent review, an update of all human PARK2 alternative splice transcripts and isoforms presently known is provided, and correlated to those in rat and mouse, two common animal models for studying human disease genes (2) . The canonical parkin protein is characterized by multiple domains comprising an N-terminal ubiquitin-like domain (Ubl), a cysteine-rich RING0 domain, and 2 C-terminal really interesting new gene (RING) domains (RING1 and RING2) separated by a cysteine-rich, zinc-binding in between RING (IBR) domain (3, 4) . Parkin protein acts as an E3 ubiquitin ligase, catalyzing the covalent attachment of ubiquitin to lysine residues within substrate proteins (5) . Parkin is widely distributed in a variety of tissues, predominantly in brain (6) (7) (8) .
To date wide neuroprotective activity in cellular and animal models has been described (9) (10) (11) . The protein could mediate this effect by at least three mutually non-exclusive mechanisms including proteasomal degradation of toxic substrates, or removal of damaged mitochondria via mitophagy or its involvement in cell death (12) (13) (14) .
Mutations of parkin gene were first described as causing juvenile Parkinsonism (AR-JP) (15) an autosomal recessive disorder characterized by classic clinical symptoms of idiopathic Parkinson's disease (PD) (16, 17) . Although many studies have focused on the characterization of parkin function in neurodegeneration, in recent years, the role of this gene in cancer has gained more attention. It is now clear that its alterations are not restricted to familial forms of Parkinson disease but also occur in a wide variety of tumors, including gliomas (18) (19) (20) (21) (22) . The most common and lethal primary malignancy of the central nervous system (CNS) is glioblastoma multiforme (GBM). It is classified as IV grade astrocytoma, and it can be either primary or secondary. Primary GBM occurs de novo, without evidence of a less malignant precursor, whereas secondary GBM develops from an initially low-grade diffuse (grade II) or anaplastic (grade III) astrocytoma (23) . GBM typically has a very high 6 and VeLIa D'aGaTa proliferative rate with widespread microvascular proliferation and areas of focal necrosis (24, 25) . Genetic abnormalities in this tumor include also alteration of parkin gene. Notably, it has been observed that somatic parkin mutations in cancer occur in the same domains as the germline PD mutations. In both cases, mutations cluster in the ubiquitin-like domain (uBL), the rInG finger domain and the in-between rInG finger domain (IBr) (26) . Furthermore, previous studies have shown that overexpression of parkin in glioma cells mitigates their proliferation and promotes reduction in cyclin D1 levels suggesting that its expression is inversely related to carcinogenicity. Parkin is also able to downregulate levels of VeGFr2, suggesting that it may have a role in suppression of cancer angiogenesis (22, 27) . To date, studies mainly focused on the role of full-length parkin, ignoring the existence of other isoforms.
Expression profile of parkin isoforms in human gliomas
Alternative splicing of coding exons may generate protein isoforms with different biological properties, protein-protein interactions, subcellular localization, signaling pathway or catalytic ability (28, 29) . This process, therefore, represents an extremely economical mean of increasing protein diversity, which can finely tune genomic information to meet the unique needs of each cell (30) . Alternative splicing produces different parkin variants with different expression patterns in tissues and cells (31) (32) (33) . These transcripts might carry out different or even opposing biological functions (34) (35) (36) .
In light of the evidence described above, in the present study we analyzed, for the first time, the expression profile of parkin isoforms in different grades of astrocytomas, in order to evaluate their involvement in tumor malignancy. In addition, we analyzed some of their functions in three glioblastoma cell lines. In particular, we studied their involvement in protein degradation or in mitophagy or in apoptotic cellular death. This study demonstrated that expression of some parkin isoforms is related to astro cytoma malignancy. The in vitro study also showed that the expression profile of the isoforms and their functions change in relation to cellular phenotype. In conclusion, a deeper characterization of such isoforms might be useful to develop a prognostic tool of some brain tumors.
Materials and methods

Human brain samples and cell lines.
The study was performed on formalin-fixed tissue sections of different grade [II, III, IV according to World Health organization (WHo) criteria] human astrocytomas or on frozen section of a glioblastoma of anonymous patients provided by G.F Ingrassia Department of Anatomic Pathology. Experiments were also carried on human glioblastoma cells T98G (ATCCC number CRL-1690), A172 (ATCCC number CRL-1620) and U87-MG (ATCCC number HTB-14). cells were cultured in Dulbecco's modified eagle's medium (DMEM) supplemented with 10% of heat-inactivated fetal bovine serum (FBS), 100 U/ml penicillin, and 100-µg/ml streptomycin (Lonza, Milan, Italy) and they were incubated at 37˚c in a humidified atmosphere with 5% co 2 . Once cells reached confluence, they were cultured for 24 h in complete medium containing 10% FBS (control) or in 10% FBS added with 10 µM MG132, a proteasome inhibitor, or in 10%FBS added with 10 µM carbonyl cyanide 3-chlorophenylhydrazone (CCCP), a mitochondrial uncoupling agent that dissipates the membranes, or in total absence of serum (SS).
FFPE tissue samples.
Formalin-fixed, paraffn-embedded 15-µm thick tissue sections from anonymous patients affected by astrocytoma (4 with grade II, 5 with grade III, and 5 with grade IV) were collected in tubes. protein extraction was accomplished with Qproteome FFPE Tissue Extraction Buffer (Qiagen) as specified in the instruction manual. Briefly, tissue sections were deparaffinized with xylene (Sigma-Aldrich, St. Louis, MO, USA) and rehydrated with a graded ethanol series (100, 96 and 70%). Extraction buffer, containing β-mercaptoethanol, was added to pellet of each tube and incubated at 100˚c for 20 min, followed by an incubation at 80˚c for 2 h. Finally, the tubes were centrifuged for 15 min at 14000 x g. The supernatant containing the extracted proteins was collected and stored at 4˚c. protein concentration was determined with a fluorescence microplate reader by using the Quant-iT Protein Assay kit (Invitrogen, Carlsbad, CA, USA).
Immunoprecipitation protocol. Immunoprecipitation was performed by using Dynabeads Protein A Immunoprecipitation Kit as specified in the instruction manual (Life Technologies). Briefly, 1 µg of rabbit anti-park2 polyclonal antibody (cat. no. PAB1105, Abnova; abbreviated as AbI) or 1 µg of rabbit anti-Parkin (cat. no. AB5112, Millipore; abbreviated as AbII) conjugated with dynabeads were prepared and stored in PBS with 0.1% Tween-20. At the time of use, the tubes containing dynabeads AbI or AbII complex were placed on a magnet and supernatant was removed. Then, 400 µg of homogenate cell lysate was added to each tube to allow antigen (Ag) to bind to the antibody. The tubes containing dynabeads Ab-Ag complex was placed on a magnet and supernatant was removed. The complex was resuspended in 20 µl elution buffer with 2X Laemmli buffer and processed for western blot analysis.
Western blot analysis. Western blot analysis was performed to determine the relative levels of parkin isoform protein.
Proteins were extracted with buffer containing 20 mM Tris (pH 7.4), 2 mM EDTA, 0.5 mM EGTA; 50 mM mercaptoethanol, 0.32 mM sucrose and a protease inhibitor cocktail (Roche Diagnostics) using a Teflon-glass homogenizer and then sonicated twice for 20 sec using an ultrasonic probe, followed by centrifugation at 10000 x g for 10 min at 4˚c. protein concentrations were determined by the Quant-iT Protein Assay kit (Invitrogen). proteins (~100 µg) from formalin-fixed tissue sections or 65 µg from fresh frozen section per sample were diluted in 2X Laemmli buffer (Invitrogen), heated at 70˚c for 10 min and then separated on a Bio-Rad Criterion XT 4-15% Bis-tris gel (Invitrogen) by electrophoresis and then transferred to a nitrocellulose membrane (Invitrogen). Blots were blocked using the Odyssey Blocking Buffer (LI-COR Biosciences, Lincoln, NE, USA). The transfer was monitored by a prestained protein molecular weight marker (Bio-Rad Laboratories, Hercules, CA, USA). Immunoblot analysis was performed by using appropriate antibodies: AbI (1:500), AbII (1:1000) and rabbit anti-β-tubulin (cat. no. sc-9104, Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1:500). The secondary antibody goat anti-rabbit IrDye 800cW, (cat. #926-32211; LI-COR Biosciences), was used at 1:20000.
Blots were scanned with Odissey Infrared Imaging System (Odyssey). Densitometric analyses of western blot signals were performed at non-saturating exposures and analyzed using ImageJ software (NIH, Bethesda, MD, USA; available at http://rsb.info.nih.gov/ij/index.html). Values were normalized to β-tubulin, which served as loading control. No signal was detected when the primary antibody was omitted (data not shown).
Immunohistochemical analysis. Fresh-frozen sections of surgically resected tumor included in OCT were cutted and fixed in 4% paraformaldehyde for 30 min and then were treated with 3% H 2 O 2 in methanol for 10 min to inhibit the endogenous peroxidase activity. To reduce non-specific staining, sections were treated with 1% bovine serum albumin (BSA) in pBS for 1 h, and incubated overnight at 4˚c with appropriate antibody. The sections were rinsed in PBS and incubated with diaminobenzidine (DAB) for 5 min. Hematoxylin was used as the nuclear counterstain. The stained sections were dehydrated through graded alcohols, cleared in xylene, and covered with neutral balsam.
Immunolocalization. T98G, A172 and U87MG cells line cultured on glass cover slips were fixed in 4% paraformaldehyde in PBS (15 min at room temperature), permeabilized with 0.2% Triton X100, blocked with 0.1% BSA in PBS, and then probed with appropriate primary antibodies as described above. AbI (1:100), AbII (1:1000) and mouse anti-β-actin (1:700) (cat. no. #MAB1501R Millipore) primary antibodies were detected with Alexa Fluor 488 goat anti-rabbit and Alexa Fluor 594 goat anti-mouse, respectively, for 1.5 h at room temperature and shielded from light. DNA was counterstained with DapI (#940110, Vector Laboratories Inc., Burlingame, CA, USA). After a series of PBS and double-distilled water washes, the fixed cells were cover-slipped with Vectashield mounting medium (Vector Laboratories, Inc.). Localization of two parkin antibodies and β-actin was then performed by confocal laser scanning microscopy (CLSM; zeiss LSM700).
Statistical analysis. Data are reported as mean ± SEM. one-way analysis of variance (anoVa) was used to compare differences among groups, and statistical significance was assessed by the Tukey-Kramer post hoc test. The level of significance for all statistical tests was p≤0.05.
Results
Differential expression of parkin isoforms in gliomas.
In a previous study, a diversified panel of antibodies recognizing different domain of the originally cloned Parkin (GenBank: BAA25751.1) was described (31) . Two of them were selected for the present study, AbI and AbII. As displayed in Table I , when the amino acid sequence recognized by each antibody perfectly (more than 8 amino acids) match with the sequence of the protein, it is very likely to get a signal by western blot or immunohistochemistry analysis (this is indicated in the table by 'Yes'). If the antibody recognizes at least 8 consecutive amino acids on the protein, it is likely to visualize a signal by western blot or immunohistochemistry analysis (this is indicated in the table by 'Maybe'). Whereas, if the antibody recognizes less than 8 consecutive amino acids, it could rule out the possibility to visualize a signal on immunoblot or by immunohistochemistry analysis (this is indicated in the table by 'No').
In order to identify the expression pattern of parkin isoforms in gliomas, western blot analysis on tissue homogenates was performed from deparaffinized sections of different grade (II, III, IV) astrocytomas. These data were compared with the result obtained in tissue homogenate from frozen sample of a glioblastoma multiforme. As shown in Fig. 1 , in all tumor samples bands of ~58 and ~50 kDa molecular weight, both with AbI and AbII antibody were detected, corresponding to H20, H1 and H5 isoforms, respectively. Furthermore, as predicted in Table I , a band of ~15 kDa, corresponding to H9, H13, H7 and H18 isoforms, was only observed by using AbI antibody. Furthermore, in a frozen sample of glioblastoma, a further band of ~42 kDa molecular weight corresponding to H4 isoform, was also visualized on the immunoblot by both antibodies (Fig. 1C-G) . However, this signal could also correspond to H8 or H17 isoforms, detected only by AbII antibody. Unpredicted bands were observed on immunoblots from homogenates of both deparaffinized and frozen sections which could represent aspecific signals or isoforms not identified yet. The results from densitometric analysis of bands on the immunoblot showed that parkin expression is higher in malignant glioblastomas than in less invasive gliomas (Fig. 1A , B, E and F). In particular expression levels of H20 and H9/H13/H7/H18 isoforms were significantly increased in astrocytomas of grade IV and III as compared to grade II, while the expression levels of isoforms H1 and H5 remain similar in all analyzed astrocytomas.
Tissue distribution of parkin isoforms in glioblastoma.
To determine tissue distribution of parkin isoforms, immunohistochemical analyses were carried out in frozen sections of a human glioblastoma sample from an anonymous patient, used also for western blot analysis. Although anti-parkin antibodies are not able to discriminate among the various isoforms, a heterogeneous distribution of the protein in this tumor was observed. Regardless of the AbI or AbII antibody used, parkin immunoreactivity was obtained in the cytoplasm of neoplastic cells ( Fig. 2A and B ). Endothelial cells of tumoral blood vessels did not stain (Fig. 2B) .
Expression profile of parkin isoforms in glioblastoma cell lines.
To characterize the isoform function, we analyzed their expression profile in three glioblastoma cell lines. as shown in Figs. 3 and 4 , cells expressed different levels of H20, H1 and H5 isoforms, corresponding to bands of molecular weight ~58 and ~50 kDa, respectively. Furthermore, as predicted in Table I , a faint band of ~20 kDa, corresponding to H3 and H12 isoforms, was also observed in the blot by using AbII antibody, however, we did not performed densitometric analysis of the signal since it was extremely low (Fig. 4A-C) . We investigated the role of isoforms in some experimental conditions previously used to test full lenght parkin function (37) (38) (39) (40) . Cells were cultivated for 24 h in 10% FBS (control) or 10% FBS added with 10 µM MG132, a proteasome inhibitor, or 10% FBS added with 10 µM carbonyl cyanide 3-chlorophenylhydrazone (CCCP), a mitochondrial uncoupling agent that dissipates the membranes, or in total absence of serum (SS) to evaluate isoform expression during cell death. In the cells, the expression of H1 and H5 isoforms was significantly increased following proteasome inhibition as compared to control. In the same experimental conditions, the expression of H20 isoform was unchanged when compared to control. Whereas, expression levels of H1, H5 and H20 isoforms were significantly increased after cccp treatment only in T98G and U87MG cells compared to their controls. Finally, serum deprivation increased the expression of H1 and H5 isoforms in T98G and A172 cells, whereas the expression of H20 isoform was significantly increased only in T98G cells.
Immunolocalization of parkin isoforms in glioblastoma cell lines.
To investigate parkin isoform distribution, we detected their expression in cells grown in complete medium containing 10% FBS, or in 10% FBS added with 10 µM MG132, or in 10% FBS added with 10 µM carbonyl cyanide 3-chlorophenylhydrazone (CCCP), or in total absence of serum (SS) for 24 h by using immunofluorescent analysis.
The analysis does not allow discrimination among isoforms, therefore, we calculated their total expression in each experimental condition by summing mean values obtained by western blot analysis (the tables in Figs. 3  and 4) . The results reported in the tables (in Figs. 5 and 6 ) confirm a correlation of data obtained through both techniques. Expression of total isoforms in T98G cells increases after treatments and particularly after serum deprivation (Figs. 5a and 6a) . In all experimental conditions parkin was observed in the cytoplasm (Figs. 5A and 6A ). In cells treated with MG132, immunoreactivity is observed also at nuclear and perinuclear level (Figs. 5A and 6A) . In early studies, parkin was described in the nucleus (41) (42) (43) (44) (45) (46) . According to data reported in Table b and e (Figs. 5 and 6, respectively), in A172 cells, total expression of isoforms appears to be unchanged in all experimental conditions considered. They seemed predominantly localized in the cytoplasm (Figs. 5B and 6B). Finally, according to data obtained (Figs. 5c and 6c, respectively) total expression of parkin isoforms in U87MG cells seemed increased after treatment with MG132 or after induction of mitophagy with CCCP. In both these experimental conditions, parkin immunoreactivity was also observed at the nuclear level.
Discussion
In this study, parkin isoform expression pattern in human gliomas was investigated, for the first time. previous papers have already described somatic mutations of PARK2 gene in glioblastoma (26) and, more generally, its involvement in cancer (27) , but focusing solely on the full-length isoform. To date, at least 21 isoforms have been identified in humans (31) , but for most of them their functions have not yet been characterized. Based on the predicted amino acid sequence, it has been suggested that there are no commercially available antibodies that allow discrimination between these isoforms by using the most common methods of analysis (31) .
Recently, 32 antibodies recognizing differently parkin isoforms were described (31) . In our study we selected two of these antibodies, which, as described in Table I , identify some variants by using western blot analysis. In paraffinembedded tissues, it has been observed that the expression levels of the H20 isoform are increased with tumor malignancy. These results matched with those observed in a frozen tissue. However, in this latter case, a further band of ~42 kDa molecular weight was revealed on blot by both antibodies (Fig. 1A-E) . This discrepant data might be due to manipulations performed on paraffin-embedded samples which induce some structural alterations in antigenic site of these isoforms modifying the domain recognized by the antibody. A previous study described the main aspects resulting from different processing of the samples (47) . In particular the authors suggested that proteins denaturation in frozen is less intense than in paraffin-embedded samples, because they are not exposed to organic solvents and heat.
Previously, we also investigated whether parkin isoforms expressed in glioma perform different functions. Originally, it was demonstrated that parkin acts as an E3 ubiquitin-ligase by targeting protein as substrate for proteasomal degradation (5) . The loss of parkin function, as observed in some forms of Parkinsonism, leads to the accumulation of toxic substrates damaging dopaminergic neurons and consequently causing the disease. However, during recent years a wide range of other activities has been described. The parkin function seems not limited to the degradative ubiquitination of single substrates, but might also include the regulation of some fundamental cellular processes (10) .
It has been demonstrated that it prevents apoptotic cell death and stimulates mitochondrial biogenesis to eliminate severely damaged mitochondria via mitophagy (12, 48) . Furthermore, more recently, a further role of parkin has been suggested as a transcriptional repressor of p53 which is also involved in the process of programmed cell death (13, 14, 49) . To characterize the involvement of these isoforms in some of the cellular processes, their expression in three glioblastoma cell lines was analyzed after treatment with a proteasome inhibitor MG132, or induction of autophagy with CCCP or serum deprivation. To visualize specific signals on the blot, parkin proteins have been immunoprecipitated from cell lysate by using AbI or AbII antibody. In samples from tissue sections, it was not possible to perform this method because the protein yield was very low. Basal expression levels of isoforms, as well as after treatments, are correlated to each cellular phenotype. Nonetheless, it has been observed that some isoforms, such as H20, H1 and H5, are always expressed both in vivo and in vitro tumors.
our results suggest that these isoforms might be specific markers of malignancy and they might be used in a diagnostic tool for brain tumors. To better characterize their role, it is also desirable that new antibodies, selectively identifying these isoforms, will be produced. Finally, further studies by using more sophisticated technologies are needed to identify and functionally characterize each isoform.
